propeller-wing i n t e r a c t i o n in t r a n s o n i c r o t a t i o n a l flow. The approach is t o use t h e three-dimensional time-dependent Euler e q u a t i o n s w i t h f o r c e terms included t o s i m u l a t e t h e p r o p e l l e r . Viscous-inviscid i n t e r a c t i o n on t h e wing s u r f a c e is included by coupling t h e three-dimensional Euler e q u a t i o n s w i t h t h e two-dimensional compressible t u r b u l e n t inverse i n t e g r a l boundary-layer e q u a t i o n s . Numerical solu t i o n s are compared w i t h experimental d a t a f o r a 32" swept s u p e r c r i t i c a l wing without a p r o p e l l e r s i m u l a t o r , wing w i t h a p r o p d l e r s i m u l a t o r producing t h r u s t o n l y , and wing w i t h a p r o p e l l e r simu l a t o r producing t h r u s t and s w i r l in each d i r e ct i o n .
I . I n t r o d u c t i o n S t u d i e s i n d i c a t e t h a t a s i g n i f i c a n t r e d u c t i o n
in f u e l consumption of t r a n s p o r t a i r c r a f t can be achieved by advanced technology turboprop o r propf a n p r o p u l s i o n systems. It is intended t h a t such p r o p u l s i o n systems be used on t r a n s o n i c a i r c r a f t .
Small c h a n g e s i n t r a n s o n i c flow about a wing can cause a p p r e c i a b l e change i n shock wave s t r e n g t h and l o c a t i o n , and consequently i n f l u e n c e l i f t , d r a g , boundary-layer growth, s e p a r a t i o n , e t c . Because p r o p e l l e r s can produce s i g n i f i c a n t changes in t h e t r a n s o n i c flow about a wing, it is n e c e s s a r y t o understand t h e i n f l u e n c e of a p r o p e l l e r s l i p s t r e a m on a s u p e r c r i t i c a l t y p e wing. The purpose of t h i s paper is t o p r e s e n t a computational f l u i d dynamic method of s i m u l a t i n g three-dimensional t r a n s o n i c propeller-wing i n t e r a c t i o n , i n c l u d i n g swirl.
Most i n v e s t i g a t i o n s of p r o p e l l e w g flowf i e l d s h subsonic"'
Mach numbers. R i~k (~) and Narain(8f have i n v e s t i g a t e d t h e t r a n s o n i c problem using t h e p o t e n t i a l flow e q u a t i o n s . A t r a n s o n i c p r o p e l l e rwing i n t e r a c t i o n f l o w f i e l d , however, i s r o t a t i o n a l due t o v a r i a t i o n s i n flow p r o p e r t i e s induced by t h e p r o p e l l e r , embedded shocks, and viscous e f f e c t s . The approach t a k e n in t h i s work is t o use t h e three-dimensional time-dependent Euler e q u a t i o n s , i n c l u d i n g t h e energy e q u a t i o n , i n o r d e r t o allow f a r r o t a t i o n a l flow. In a d d i t i o n , v i s c o u s e f f e c t s are taken i n t o account by coupling t h e three-dimensional Euler e q u a t i o n s w i t h t h e twodimensional compressible t u r b u l e n t i n v e r s e i n t e&boundary-layer e q u a t i o n s .
*This r e s e a r c h was sponsored by t h e Lockheedt P r o f e s s o r , Member AIAA.
t t P r o f e s s a r . The method used t o i n c o r p o r a t e t h e i n f l u e n c e of a p r o p e l l e r i n t h e E u l e r e q u a t i o n s is d e s c r i b e d in t h e f o l l o w i n g s e c t i o n . The Euler e q u a t i o n solver is t h e n b r i e f l y d i s c u s s e d followed by an explan a t i o n of how v i s c o u s -i n v i s c i d i n t e r a c t i o n is i ncluded in t h e Computational metod. F i n a l l y numeric a l r e s u l t s are presented and compared w i t h r e s u l t s from a t r a n s o n i c flow experiment designed t o simul a t e t h e i n f l u e n c e of a p r o p e l l e r on a s u p e r c r i t ical wing.
P r o p e l l e r Simulation
The i n t e g r a l form o f t h e Euler e q u a t i o n s is used i n t h e p r e s e n t work. From t h e s e c o n s e r v a t i o n law e q u a t i o n s of mass, momentum, and energy, c e r t a i n jump c o n d i t i o n s can be d e r i v e d f o r d i s c o n t i n u i t y s u r f a c e s . (9) One of t h e d i s c o n t i n u i t y s u r f a c e s permitted is a shock, across which t h e r e Is mass flow. Shocks can be c a p t u r e d in t h e s o l u t i o n . Another d i s c o n t i n u i t y surface p e r m i t t e d is one whereby t h e r e is no mass flow across t h e s u r f a c e . For t h i s l a t t e r d i s c o n t i n u i t y s u r f a c e , t h e Jump in t a n g e n t i a l v e l o c i t y and d e n s i t y across t h e s u r f a c e are a r b i t r a r y but t h e jump in p r e s s u r e is zero. A jump i n energy i s permitted a l t h o u g h t h e jump must s a t i s f y a n e q u a t i o n of s t a t e . ( l O ) d i t i o n s i n c l u d e t h o s e n e c e s s a r y t o r e s o l v e a prope l l e r s l i p s t r e a m . Assuming t h e method of incorp o r a t i n g t h e i n f l u e n c e of t h e p r o p e l l e r in t h e E u l e r e q u a t i o n s is adequate ( t o be explained below) t h e approach i s t o c a p t u r e t h e s l i p s t r e a m i n t h e s o l u t i o n as opposed t o modeling i t e x p l i c i t l y .
t h e p r o p e l l e r i n t h e Euler e q u a t i o n s is as f o l l o w s . Forces o p e r a t e on t h e f l u i d as a consequence of t h e l i f t and d r a g of t h e b l a d e s as i l l u s t r a t e d in Fig.   1 . Because t h e numerical f o r m u l a t i o n of t h e Euler e q u a t i o n s used h e r e is f i n i t e volume, t h e f o r c e s of t h e b l a d e s on t h e f l u i d become force v e c t o r s a s s o c i a t e d w i t h t h e f i n i t e volumes l o c a t e d i n t h e p r o p e l l e r r e g i o n (Fig. 1) . These f i n i t e volume f o r c e v e c t o r s are v a r i a b l e due t o p r o p e l l e r r o t at i o n , b l a d e t w i s t , e t c .
ed from t h e usual concept of a body force per u n i t mass, f , such as g r a v i t a t i o n a l or e l e c t r o m a g n e t i c f o r c e s , then t h e three-dimensional time-dependent Euler e q u a t i o n s could be w r i t t e n i n C a r t e s i a n m o r - 
and n x, ny and n are t h e x, y , z components of t.he outward u n i t normal v e c t o r on t h e s u r f a c e S enclosing t h e volume V . By applying Eq. ( l a ) t o each volume, t h e r e s u l F of t h e i n t e g r a l of bt would b e a f o r c e v e c t o r a t each c e l l ( f i n i t e volume). To account f a r t h e e f f e c t of a p r o p e l l e r , t h e c e l l f o r c e s p e r u n i t volume are r e p l a c e d by an e q i v a l e n t s t r e s s system composed of f o r c e s p e r u n i t area e x e r t e d on t h e c e l l f a c e s . T h i s concept h a s simil a r i t i e s t o t h a t used i n magnetohydrodynamics w i t h regard t o Maxwell s t r e s s e s ( s e e e.g. Shercliff(ll)). Therefore, because numerical d i s c r e t i z a t i o n of the l a s t term i n Eq. ( l a ) a t each c e l l r e s u l t s i n a f o r c e in each of t h e t h r e e momentum e q u a t i o n s , and each component of f o r c e m u l t i p l i e d by t h e corresponding component of v e l o c i t y in t h e energy equat i o n , t h e i n f l u e n c e of the p r o p e l l e r on t h e flow is reearded as a f o r c e p e r u n i t area ( s t r e s s ) a p p l i e d t o t h e c e l l f a c e s , and numerical t r e a t m e n t of a s u r f a c e i n t e g r a l r a t h e r than a volume i n t e g r a l r e s u l t s i n f o r c e s occurring in t h e E u l e r e q u a t i o n s i n t h e same manner a s b o d y f o r c e s . The l a s t term on t h e l e f t hand s i d e of Eq. (la), t h e r e f o r e , is w r i t t e n i n terms of a stress system u s i n g Gauss' divergence theorem as and is a f o r c e p e r u n i t area.
I n f o p a t i o n n e c e s s a r y t o s p e c i f y t h e s t r e s s
vector I! might be o b t a i n e d from t h e p r o p e l l e r chara c t e r i s t i c s . The a v a i l a b l e exp r i m e n t a l t r a n s o n i c f l o w d a t a of Wedge and Crowder,Yl2) however, were obtained using a s i m u l a t o r t o i n v e s t i g a t e t h e e f f e c t s of a p r o p e l l e r on a s u p e r c r i t i c a l wing.
T o t a l p r e s s u r e jumps were introduced by t h e simul a t o r and vanes were used t o induce s w i r l . The t h r u s t w a s , t h e r e f o r e , imposed i n t h e p r e s e n t conp u t a t i o n s by i n t r o d u c i n g t h e same jump in t o t a l p r e s s u r e as used in t h e experiments. The f o r c e components in t h e p l a n e p e r p e n d
i c u l a r t o t h e t h r u s t were a d j u s t e d t o p r o v i d e t h e s w i r l v e l o c i t i e s induced by t h e s i m u l a t o r vanes. T h i s was n e c e s s a r y hecause swirl velocities are n o t imposed i n t h e computations, r a t h e r t h e y are obtained a s p a r t of t h e s o l u t i o n . A v a r i a t i o n i n t h e stress v e c t o r , t f , p r o p o r t i o n a l t o t h e square of t h e d i s t a n c e from
t h e center of the p r o p e l l e r (or s i m u l a t o r i n t h i s case) was used t o more a p p r o p r i a t e l y s i m u l a t e spat i a l v a r i a t i o n s .
Euler Equations S o l v e r The method used t o s o l v e t h e three-dimensional time-dependent E u l e r e q u a t i o n s w i t h f o r c e terns is a n e x t e n s i o n o f t h a t d e s c r i b e d in Ref. 13. Fini t e volume s p a t i a l d i s c r e t i z a t i o n is a p p l i e d t o t h e i n t e g r a l form of t h e E u l e r e q u a t i o n s and t h e
r e s u l t i n g e q u a t i o n s are solved using a f o u r -s t a g e two-level numerical scheme. used is second-order a c c u r a t e whereas t h e f o u rs t a g e s c h w e used i n Ref. 13 was f o u r t h -o r d e r a c c u r a t e . The second-order scheme is used because i t r e q u i r e s s l i g h t l y l e s s s t o r a g e t h a n t h e f o u r t ho r d e r scheme and, a l s o , s t e a d y s t a t e s o l u t i o n s are of i n t e r e s t as apposed t o time a c c u r a t e s o l u t i o n s . D i s s i p a t i v e terms are introduced in t h i s c e n t r a l d i f f e r e n c e scheme i n a S e p a r a t e f i l c e r s t a g e a t t h e end of each time s t e p . Convergence t o a s t e a d y s t a t e i s a c c e l e r a t e d by t h e a d d i t i o n of a f o r c i n g term t h a t depends on the d i f f e r e n c e between t h e l o c a l t o t a l e n t h a l p y and t h e f r e e s t r e a m v a l u e of e n t h a l p y . Convergence is a l s o a c c e l e r a t e d by u s i n g a l o c a l time s t e p determined by t h e maximum Courant number of 2 E . based on a c h a r a c t e r i s t i c combination of v a r ia b l e s . (I3) Pressure a t t h e w a l l is determined by a three-dimensional version of t h e work o f R i z z i i n v o l v i n g t h e normal momentum r e l a t i o n .
The f o u r -s t a g e scheme I V . Viscous-Invisc id I n t e r a c t ion Viscous e f f e c t s were t a k e n i n t o account in an approximate f a s h i o n by c o u p l i n g t h e three-dimens i o n a l E u l e r e q u a t i o n s w i t h t h e two-dimensional compressible t u r b u l e n t i n v e r s e i n t e g r a l boundaryl a y e r e q u a t i o n s . 
i s corresponded t o t h e boundar -l a y e r t r i p l o c a t i o n s used
in t h e experiment. ( l ' )
V. R e s u l t s and Comparisons

A v a i l a b l e experimental t r a n s o n i c d a t a appear t o be t h o s e of Wed e and Crowder.(l*) n a t u r e t o i d e n t i f y order-of-magnitude s l i p s t r k a mwing i n t e r a c t i o n e f f e c t s and n o t t o e s t a b l i s h h i g h l y a c c u r a t e r e s u l t s . A s i m u l a t o r c o n s i s t i n g of a h i g h p r e s s u r e air d r i v e n e j e c t o r system was used t o s i m u l a t e a modern prop-fan s l i p s t r e a m .
A schematic of t h e s i m u l a t o r and wing is shown i n 
T h i s experb e n t was s t a t e d ( f 2) t o be of an e x p l o r a t o r y
The s i m u l a t o r e x i t d i a m e t e r was 1 1 . 7 Per-A l l numerical s o l u t i o n s were o b t a i n e d on a 96 x 1 6 x 1 6 C-type g r i d w i t h 60 p o i n t s on t h e wing a t each of 11 span l o c a t i o n s . The experiment used a wing-body combination; however, t h e g r i d was for a wing alone. Moreover, f o r t h e s e i n i t i a l computations no s p e c i a l g r i d d i n g of t h e p r o p e l l e r was used. The p r o p e l l e r (or s i m u l a t o r ) region was, t h e r e f o r e . e s s e n t i a l l y a r e c t a n g l e in appearance when viewed from d i r e c t l y upstream or downstream. 
n v i s c i d i n t e r a c t i o n improves t h e agreement between t h e numerical and experimental r e s u l t s by moving t h e shock l o c a t i o n forward and d e c r e a s i n g t h e l i f t in general. However, t h i s g r i d is n o t s u f f i c i e n t l y f i n e , p a r t i c u l a r l y over t h e a f t p o r t i o n of t h e wing
where t h e g r i d spacing approaches 6 p e r c e n t of t h e l o c a l chord, t o r e s o l v e t h e shock a d e q u a t e l y . The d i s c r e p a n c y on t h e a f t p o r t i o n of t h e lower s u r f a c e e x i s t s in a l l comparisons. T h i s may b e an i n d i c at i o n t h a t three-dimensional boundary-layex e f f e c t s , n o t included in t h e s e computations, are important. 
jump i n t o t a l p r e s s u r e a t t h e s i m u l a t o r . R e s u l t s
a r e p r e s e n t e d a t two span l o c a t i o n s , n = 0.35 and n = 0.50. These span l o c a t i o n s were s e l e c t e d because t h e p r o p e l l e r s i m u l a t o r h a s t h e greatest inf l u e n c e on t h e flow about t h e wing a t t h e s e locat i o n s (see Fig. 2 
) . t h a t t h e p r o p e l l e r s i m u l a t o r chang9.d t h e wing
The term AP is t h e 
s w i r l , b o t h up inboard and down inboard, h a s a much larger e f f e c t . S w i r l i n f l u e n c e s t h e p r e s s u r e d i s tr i b u t i o n more on t h e inboard s t a t i o n (n = 0.35) t h a n t h e outboard s t a t i o n (q = 0.50).
The comput a t i o n s in F i g . 4 i n c l u d e v i s c o u s -i n v i s c i d i n t e ra c t i o n , and a r e considered t o be i n r e a s o n a b l e agreement w i t h t h e experimental d a t a . 
Numerical and
3' is i l l u s t r a t e d i n F i g . 6. Of p a r t i c u l a r i n t e r e s t i s whether o r not flow s e p a r a t i o n occurs i/ as a consequence of t h e p r o p e l l e r s l i p s t r e a m . A lthough t h e boundary-layer treatment is two-dimensional, t h e i n v e r s e method used can p r e d i c t separ a t e d flow. The l o c a l s k i n f r i c t i o n c o e f f i c i e n t , c , i s p l o t t e d i n F i g . 6 a t n = 0.43 which i s t h e wfng span s t a t i o n l o c a t e d downstream of t h e c e n t e r of t h e p r o p e l l e r s i m u l a t o r .
down inboard swirl as compared t o 7' up inboard s w i r l i s t o s t r e n g t h e n t h e upper s u r f a c e shock and move i t a f t somewhat. Although t h e flow d o e s not s e p a r a t e i n t h e computations w i t h s w i r l i n e i t h e r d i r e c t i o n , t h e upper s u r f a c e boundary l a y e r corresponding t o t h e case w i t h 7" down inboard s w i r l i s close t o s e p a r a t i o n j u s t downstream of t h e shock and near t h e t r a i l i n g edge due t o t h e s t r o n g e r shock. Viscous-inviscid i n t e r a c t i o n computations were c a r r i e d o u t f o r t r a n s o n i c flow about a 32" swept s u p e r c r i t i c a l wing w i t h :
(1)no i n f l u e n c e of a p r o p e l l e r , ( 2 ) t h e i n f l u e n c e of a p r o p e l l e r producing t h r u s t o n l y , and ( 3 ) t h e i n f l u e n c e of a prop e l l e r producing b o t h t h r u s t and swirl ( i n e i t h e r d i r e c t i o n ) .
p e l l e r was i n v e s t i g a t e d , t h e r e i s no r e s t r i c t i o n on t h e number of p r o p e l l e r s t h a t can be i n c l u d e d , nor t h e d i r e c t i o n of swirl produced by each prop e l l e r . coarse; however, comparisons w i t h experiments i nd i c a t e t h e computational method is a u s e f u l t o o l Although a wing w i t h only one pro-
The 96 x 1 6 x 1 6 g r i d used was r a t h e r f o r i n v e s t i g a t i n g t h i s p r a c t i c a l three-dimensional
flow problem w i t h v o r t i c i t y .
A l l computations were performed on a CRAY-1s computer t h a t had about 900,000 words of a v a i l a b l e 
(5)
Ting, L . , Lin, C. H . , and K l e i n s t e i n , 6.. 
